Long-term weight management by dieting has a high failure rate. Pharmacological targets have focused on appetite reduction, although less is understood as to the potential contributions of the stress state during dieting in long-term behavioral modification. In a mouse model of moderate caloric restriction in which a 10 -15% weight loss similar to human dieting is produced, we examined physiological and behavioral stress measures. After 3 weeks of restriction, mice showed significant increases in immobile time in a tail suspension test and stress-induced corticosterone levels. Increased stress was associated with brain region-specific alterations of corticotropin-releasing factor expression and promoter methylation, changes that were not normalized with refeeding. Similar outcomes were produced by high-fat diet withdrawal, an additional component of human dieting. In examination of long-term behavioral consequences, previously restricted mice showed a significant increase in binge eating of a palatable high-fat food during stress exposure. Orexigenic hormones, melanin-concentrating hormone (MCH) and orexin, were significantly elevated in response to the high-fat diet only in previously restricted mice. Furthermore, administration of the MCH receptor-1 antagonist GSK-856464 [4-(4-ethyl-5-methylsulfanyl-1,2,4-triazol-3-yl)pyridine] significantly reduced total caloric intake in these mice during high-fat access. These results reveal reprogramming of key central pathways involved in regulating stress responsivity and orexigenic drives by moderate caloric restriction experience. In humans, such changes would be expected to reduce treatment success by promoting behaviors resulting in weight regain, and suggest that management of stress during dieting may be beneficial in long-term maintenance.
Introduction
Dieting as a mode of behavioral modification in weight management has proven to have little long-term success with a Ͼ80% failure rate (Wing and Phelan, 2005) . The elevated weight regain and increased risk for diabetes and related metabolic disease after dieting make identification of novel therapeutic targets critical (Lissner et al., 1991; Brownell and Rodin, 1994; Guagnano et al., 2000) . Current treatments predominantly focus on appetite reduction, although less is known regarding the central mechanisms contributing to treatment resistance and failure, especially that of the involvement of stress pathways.
As stress and the stress hormone corticotropin-releasing factor (CRF) are known promoters of increased consumption of calorically dense foods, reprogramming of stress circuitry may be a central mechanism driving repeated dieting, or the "yo-yo" effect, resulting in an increased risk for greater weight gain and later obesity (Epel et al., 2001; Dallman et al., 2006; Amigo and Fernández, 2007; . Stress-induced activation of the hypothalamic-pituitary-adrenal (HPA) stress axis and release of CRF increases reward-seeking behaviors (Dallman et al., 2005; Ghitza et al., 2006) . CRF antagonism in the bed nucleus of the stria terminalis (BNST) decreases stress-induced drug reinstatement, whereas injection of CRF promotes drug seeking, demonstrating an intersection of stress and reward pathways (Erb and Stewart, 1999; Koob, 2009) . Evidence from these and other studies suggests that stress plays a critical role in increasing consummatory behavior of rewarding substances, including calorically dense foods (Shaham et al., 2000; Sinha, 2001; Wang et al., 2005; Dallman et al., 2006; .
We hypothesized that previous restriction experience would produce changes in stress neurocircuitry leading to a subsequent increased stress sensitivity and tendency to overconsume high-fat food. To examine this hypothesis, we compared physiological and behavioral stress responses in a mouse model of caloric restriction that produces a 10 -15% reduction in body weight, levels typical of human weight loss during dieting (Redman et al., 2007; Sarwer et al., 2009 ). The long-term impact and programming effect of this moderate restriction on behavioral measures and stress responsivity were determined. Mechanistically, CRF expression and promoter methylation was examined. In addition to reduced calories, a major component of human dieting is a decrease in fat content and diet palatability. We have previously shown in mice that withdrawal from a high-fat diet increases the relative stress state, and promotes reinstatement behaviors in which mice select an aversive environment to gain access to the preferred high-fat diet (Teegarden and Bale, 2007) . Therefore, we similarly compared CRF expression and methylation patterns up to 8 weeks after withdrawal from a high-fat diet, demonstrating the long-term programming that occurs.
To explore the behavioral impact of epigenetic modifications in stress circuitry on food intake, we examined binge eating of a high-fat diet after chronic stress in previously restricted mice. In addition, sensitivity to a melanin-concentrating hormone (MCH) receptor-1 antagonist on this behavior was assessed. Together, these results may provide novel therapeutic directions by which more effective and lasting weight management treatments are designed.
Materials and Methods

Animals
All mice in these studies were males (C57BL/6J; 7-8 weeks of age) obtained from The Jackson Laboratory and individually housed on a 12 h light/dark schedule with food and water available ad libitum, except where otherwise noted. House chow contained 28% protein, 60% carbohydrates, and 12% fat by calories and 4.00 kcal/g (Purina Lab Diet). High-fat diet contained 20% protein, 35% carbohydrates, and 45% fat by calories and 4.73 kcal/g (Research Diets). This diet is highly preferred to house chow in C57BL/6J mice (Teegarden and Bale, 2007) . All studies were done according to University of Pennsylvania University Laboratory Animal Resources and the Institutional Animal Care and Use Committee standards and guidelines.
Caloric restriction
Average daily food intake was established over 10 d. Mice were randomly assigned to caloric restriction (Rstr), 75% of average caloric intake, or ad libitum treatment groups (Rstr, n ϭ 41; ad libitum, n ϭ 37). This reduction was selected to produce 10 -15% body weight loss to mimic typical diet regimens in humans. For restricted groups, preweighed house chow pellets were placed in cages 2.5 h before lights out for 21 d. This schedule was used to ensure that mice had access to food before and after lights out when the majority of food consumption occurs and to avoid food entrained oscillators by allowing consumption during the dark phase (Mendoza, 2007) . Body weights were recorded every 2-3 d.
Leptin
To determine the impact of caloric restriction and chow or high-fat diet refeeding on leptin levels, a blood sample was obtained at the time of killing in a subset of mice (ad libitum, n ϭ 11; Rstr, n ϭ 12). Samples were centrifuged, and plasma was collected and frozen at Ϫ80°C until analysis. Plasma levels were measured by radioimmunoassay kit for leptin (LINCO Research). The protocol was modified to use 50 l of plasma for each assay, and each sample was assessed in duplicate. The intraassay coefficient of variation was Ͻ6%.
Stress sensitivity
Tail suspension test. The tail suspension test (TST) was administered according to standard procedure between 11:00 A.M. and 1:00 P.M. on day 19 of caloric restriction (ad libitum, n ϭ 11; Rstr, n ϭ 12) (McEuen et al., 2009) . Briefly, each mouse was suspended by the tail at a height of 40 cm for 6 min, during which immobility was measured by an experimenter blind to treatment using AnyMaze software (Stoelting). An animal was considered to be immobile when it did not show any movement and hanged passively.
HPA axis stress response. Corticosterone levels were measured in response to a 15 min restraint stress starting at 9:00 A.M. on day 21 of caloric restriction (ad libitum, n ϭ 11; Rstr, n ϭ 12). Mice were placed in a 50 ml conical tube for 15 min, and tail blood samples were obtained at 0, 15, 45, and 75 min. All samples were stored on ice until centrifuged at 5000 rpm at 4°C. Plasma was removed and stored at Ϫ80°C until radioimmunoassay was performed. The corticosterone assay was performed according to manufacturer's instructions (MP Biomedicals). Each sample was assessed in duplicate. The minimum detection limit of the assay was 7.7 ng/ml, and the intraassay coefficient of variation was 7.3%.
Examination of stress pathways
Refeeding. After 21 d of caloric restriction, a subset of mice was refed either a high-fat or chow diet ad libitum for 1 week (ad libitum, n ϭ 4; Rstr, n ϭ 5; Rstr-chow (Refed), n ϭ 5; ad libitum-HF, n ϭ 5; Rstr-HF, n ϭ 6). In addition, a subset of mice that had previously been fed chow ad libitum was given high-fat diet ad libitum for 1 week. These mice served as a dietary control for mice previously restricted and then placed on the high-fat diet. All mice were killed on the same day after 1 week of refeeding.
High-fat withdrawal. A separate cohort of mice was allowed to habituate to the facility for 2 weeks. Mice were then divided into two groups, 4 weeks of high-fat diet exposure (n ϭ 60) and chow (n ϭ 12). To examine the impact of varying lengths of high-fat withdrawal, the high-fat diet group was further subdivided into high-fat diet exposed (HF; n ϭ 12), or withdrawn (returned to chow) for 2, 4, 6, or 8 weeks (n ϭ 12/group). The start of high-fat exposure was staggered such that all mice were killed simultaneously at the end of the withdrawal period.
TaqMan real-time PCR. Expression of individual genes after caloric restriction, refeeding, and high-fat withdrawal was assessed using TaqMan gene expression assays. Tissue punches were taken from 300 m sections using a 1 mm circular punch (Ted Pella). For the central nucleus of the amygdala (CeA) and BNST, punches from one hemisphere were used for RNA isolation for gene expression analyses, whereas punches from the opposing hemisphere were taken for genomic DNA isolation for bisulfite sequencing. Lateral hypothalamus (LH) tissue punches from both hemispheres were isolated for RNA. For both the CeA and BNST, three punches were isolated from each side, whereas a total of eight punches was isolated for the LH. The areas punched correspond to areas diagramed in the Paxinos and Franklin mouse atlas (Paxinos and Franklin, 2001) . Tissue was added directly to TRIzol reagent (Invitrogen) and total RNA isolation was performed with chloroform followed by isopropanol precipitation. cDNA was synthesized from 500 ng of total RNA using SuperScript First-Strand Synthesis System (Invitrogen). Changes in CRF (Mm01293920_m1), MCH (Mm01242886_m1), and orexin (Hcrt) (Mm01964030_m1) were measured using quantitative real-time PCR and TaqMan Gene Expression Assay (Applied Biosystems). ␤-Actin (Actb) (4352933E) served as an endogenous control for the caloric restriction studies and GAPDH (4352932E) for the high-fat withdrawal studies. The cycle threshold for the control was subtracted from the target threshold value. All samples were run in duplicate for both target gene and endogenous control. Samples were analyzed using the Applied Biosystems 7500 Fast Real-Time PCR System. The amplification profile consisted of 20 s denaturation at 95°C, and 40 cycles of 3 s at 95°C and 30 s at 60°C. The cycle number at threshold (CT value) was used for calculations of relative mRNA levels. The CT value of each target gene was normalized by subtracting the endogenous control CT value (raw ⌬C T value). The ⌬C T value was converted to fold change by calculating 2 (Ϫ⌬CT) for each sample and normalizing each value to the average for the control chow.
Analysis of DNA methylation. The impact of caloric restriction, chow refeeding, or high-fat withdrawal, on methylation status of specific CpG dinucleotides within the promoter region of mouse CRF were analyzed (McGill et al., 2006) . Genomic DNA from the CeA and BNST was isolated from micropunches. Briefly, tissue was added directly to highmolecular-weight DNA extraction buffer (1 M Tris-HCl, EDTA, SDS, and water) plus RNase A and incubated for 1 h at 37°C followed by proteinase K addition and incubation overnight at 55°C. Next, a chloroform/ isoamyl alcohol extraction was performed before DNA was precipitated with sodium acetate and glycogen at Ϫ80°C for 1 h followed by centrifugation (10 min, 12,000 rpm, room temperature). The pellet was saved and resuspended in TE buffer. Pyrosequencing was performed by EpigenDx as previously described (Kim et al., 2007; Liu et al., 2007) . Briefly, bisulfate modification was performed converting unmethylated cytosine to uracil. The promoter sequence for the CRF gene was PCR amplified and the biotinylated product purified for pyrosequencing. Site-specific primers were designed to determine the CpG dinucleotide methylation status.
Stress-induced binge eating
To determine the potential impact of neurocircuitry reprogramming that occurs as a result of previous caloric restriction on binging of a palatable high-fat diet during chronic stress, we exposed mice to a limited access procedure . After 3 weeks of caloric restriction, mice were refed house chow ad libitum until restricted groups reached the same weight as controls (10 d). Limited access consisted of providing a single pellet of preweighed high-fat diet in the home cage for 1 h (3:00 P.M. to 4:00 P.M.) along with preweighed house chow. Mice were allowed 3 d to habituate to the high-fat diet and feeding schedule before 10 d of testing. On day 1 of testing, a subset of mice was exposed to chronic variable stress (CVS) throughout testing (ad libitum-Ctrl, n ϭ 8; ad libitum-CVS, n ϭ 9; Rstr-Ctrl, n ϭ 9; Rstr-CVS, n ϭ 9). Chronic variable stress consisted of one stressor per day for 10 d in an unpredictable pattern and included the following: 15 min restraint, 30 min of total darkness (three times) during the light cycle, exposure to novel objects overnight, damp bedding overnight, cage changes (three times) during the light cycle, novel noise overnight, and 15 min exposure to a predator odor (McEuen et al., 2009 ). These mild stressors were designed to not induce pain and be resistant to habituation. The amount of high-fat diet consumed within 1 h, and after 24 h of house chow was measured.
Reversal of high-fat diet withdrawal induced binge eating
As we hypothesized that previously restricted mice based on their dysregulation of stress and orexigenic pathways would show a greater sensitivity to an acute treatment with the melanin-concentrating hormone receptor-1 (MCHr1) antagonist 4-(4-ethyl-5-methylsulfanyl-1,2,4-triazol-3-yl)pyridine (GSK-856464), we examined caloric intake and binge eating after high-fat diet exposure and withdrawal stress. To determine whether serotonergic pathways may also be involved in the stress dysregulation in these mice, we included treatment with the selective serotonin reuptake inhibitor (SSRI) citalopram for comparison. Immediately after caloric restriction, all mice were given ad libitum access to the high-fat diet for 9 weeks and then withdrawn (returned to chow) for 10 d. Mice were provided 3 d access to a preweighed high-fat pellet for 1 h (3:00 P.M. to 4:00 P.M.) and ad libitum access to chow (ad libitum, n ϭ 23; Rstr, n ϭ 24). On the fourth day of this limited access, mice received an intraperitoneal injection of drug [GSK-856464 (30 mg/kg); citalopram (20 mg/kg)] or vehicle 1 h before the start of limited access to the high-fat pellet (ad libitum-VEH, n ϭ 7; ad libitum-GSK, n ϭ 8; ad libitum-CIT, n ϭ 8; Rstr-VEH, n ϭ 8; Rstr-GSK, n ϭ 8; Rstr-CIT, n ϭ 8). High-fat diet consumption within 1 h was measured, in addition to 24 h of chow and total calories calculated.
Statistical analysis
Differences in weight and plasma leptin levels were analyzed by either Student's t test or one-way ANOVA. Corticosterone data were analyzed using two-way repeated-measures ANOVA for restriction and time. For TST, data were analyzed using Student's t test. For CRF gene expression after caloric restriction or high-fat withdrawal, data were analyzed using a one-way ANOVA with Fisher's PLSD post hoc tests. Methylation data were analyzed using a one-way ANOVA to determine difference between groups within each GpC site and overall methylation across the promoter. For stress-induced 10 d binge eating, data were analyzed using a one-way repeated-measures ANOVA with control and CVS groups analyzed separately. Total caloric intake data during binge eating were analyzed using Student's t test. For gene expression analysis of orexigenic hormones, fold changes were computed relative to ad libitum chow controls and a two-way ANOVA was used with Fisher's PLSD post hoc tests. For reversal of high-fat withdrawal-induced binge eating, data from the first 3 d were analyzed using a one-way repeated-measures ANOVA, and data from the fourth day were analyzed using a two-way ANOVA with Fisher's PLSD post hoc tests. All statistical analysis was performed using SigmaStat (Systat Software).
Results
Caloric restriction induced stress sensitivity Body weights and leptin
Male mice calorically restricted to 75% of their normal chow intake show significant weight loss at the end of 3 weeks of restriction. Over the 3 week period, the control mice gained weight (t (20) ϭ Ϫ4.294; p Յ 0.001), whereas restricted mice lost weight (t (22) ϭ 8.214; p Յ 0.001); thus, at the end of restriction, the weights were significantly different (t (21) ϭ 11.815; p Յ 0.001).
Plasma leptin levels were measured from a subset of mice killed at the end of the 3 week restriction period. Calorically restricted mice had significantly lower levels of leptin (t (8) ϭ 2.715; p ϭ 0.03) ( Table 1) .
HPA axis stress response
To evaluate the physiological stress response after caloric restriction, mice were restraint stressed and a time course of corticosterone levels was measured. Calorically restricted mice showed a significantly increased stress response (F (1,21) ϭ 26.649; p Ͻ 0.001) with higher basal corticosterone levels as found by post hoc tests ( p Ͻ 0.05). In addition, this group had a higher maximal rise in response to the 15 min restraint ( p Ͻ 0.001) and a delayed stress recovery (45 min, p Ͻ 0.001; 75 min, p ϭ 0.05) (Fig. 1 A) . 
Tail suspension test
To assess stress-induced behavioral responses, the tail suspension test was administered after 19 d of caloric restriction. There was a significant effect on time spent immobile (t (21) ϭ Ϫ2.989; p Ͻ 0.01) with the calorically restricted group spending more time immobile than controls (Fig. 1 B) .
CRF expression
The impact of previous caloric restriction on gene expression changes in stress pathways was assessed using quantitative TaqMan reverse transcription (RT)-PCR. CRF levels in the CeA were unchanged with caloric restriction or chow refeeding after restriction (Fig. 2 A) . CRF levels in the BNST were significantly different between groups (F (2,13) ϭ 8.335; p Ͻ 0.01) (Fig. 2 B) . Caloric restriction significantly decreased BNST CRF ( p Ͻ 0.01), and CRF remained reduced after refeeding ( p Ͻ 0.01).
DNA methylation of CRF promoter
As refeeding did not normalize CRF expression in the BNST, we examined epigenetic changes in promoter methylation. Similar to CRF expression, no differences in methylation were detected in the CeA (Fig. 2C) . Within the BNST, there was a significant reduction in methylation during caloric restriction that was not normalized during refeeding at 6 of the 10 cytosines within the reported CpG island [Ϫ366 bp: (Fig. 2 D) .
High-fat withdrawal reprogramming of stress pathways CRF expression
The impact of high-fat diet exposure and varying lengths of withdrawal on gene expression changes in stress pathways was assessed using quantitative TaqMan RT-PCR. CRF levels in the CeA showed a nonsignificant peak of gene expression at 2 weeks after withdrawal and returned to baseline by 6 weeks (Fig. 3A) . CRF levels in the BNST were significantly decreased by high-fat A, There were no significant changes in CRF gene expression levels in the CeA compared with controls after high-fat exposure and subsequent withdrawal (n ϭ 12). B, CRF levels in the BNST were significantly decreased by high-fat diet exposure and remained reduced for at least 8 weeks after withdrawal (n ϭ 12) (*p Ͻ 0.01). C, In the CeA, there were no changes in methylation of the CRF promoter at individual cytosines or overall (n ϭ 5). D, There was an overall significant decrease in methylation of the CRF promoter in the BNST (n ϭ 5) after high-fat withdrawal (*p Ͻ 0.05). Data are mean Ϯ SEM.
diet exposure and remained reduced for at least 8 weeks after withdrawal (F (5,24) ϭ 4.4; p Ͻ 0.01) (Fig. 3B) .
DNA methylation of CRF promoter
As CRF expression in the BNST remained reduced for at least 8 weeks after the end of high-fat diet exposure, we examined epigenetic changes in promoter methylation. Similar to CRF gene expression, no differences in methylation were detected in the CeA (Fig. 3C) . In contrast, in the BNST, we observed an overall effect of diet treatment on methylation of the CRF promoter (F (2,12) ϭ 4.4; p Ͻ 0.05), which post hoc testing revealed to be driven by a reduction in methylation in the withdrawal group relative to controls ( p Ͻ 0.01) (Fig. 3D ).
Stress-induced binge eating Body weights
After caloric restriction, control mice weighed significantly more than the calorically restricted mice (t (34) ϭ 6.971; p Յ 0.001). After 3 weeks of restriction, mice were placed back on ad libitum chow (refeeding) until the significant weight difference between control and restricted mice were no longer present before the start of limited access to ensure that intake differences were not attributable to differences in weight. Weights were continually monitored during limited access as well, and there were no significant differences during or at the end of these trials (Table 2) .
Limited access
To determine whether the increased stress responsivity and changes in CRF epigenetic programming in the BNST after calorie reduction would result in increased stress-induced binge eating, mice were provided limited access to a high-fat diet during CVS. Under basal nonstress conditions (Ctrl), there were no significant differences between groups in the calories from high-fat diet consumed over the course of testing (F (1,15) ϭ 0.881; p ϭ 0.363) (Fig. 4 A, left panel) or as a percentage of total calories consumed (Fig. 4 B, left panel) . All mice displayed binge eating, consuming ϳ50% of their total 24 h caloric intake during the 1 h of access, demonstrating the overall preference mice have for the high-fat food ). During chronic variable stress, mice that had undergone previous caloric restriction consumed significantly more calories than control mice over the 10 d of testing (F (1,16) ϭ 4.479; p Ͻ 0.05) (Fig. 4C, left panel) . There was also a main effect of day (F (1,9) ϭ 7.144; p Ͻ 0.001), with intake increasing over the course of testing. Over the entire 10 d of testing, previously calorically restricted mice consumed significantly greater total amounts of high-fat diet than control mice (t (16) ϭ Ϫ2.133; p Ͻ 0.05) (Fig. 4C, right panel) . Overall, there were no significant differences in the total amount of calories consumed, high-fat and chow diet, by all groups (data not shown). Under chronic variable stress, the percentage of calories from the high-fat diet is significantly greater for calorically restricted mice compared with controls (F (1,16) ϭ 5.581; p Ͻ 0.05) (Fig. 4 D, left panel) . The percentage of calories from high-fat food significantly changed over the 10 d of testing (F (1,9) ϭ 3.538; p Ͻ 0.001), and a significant interaction between restriction and day (F (1,143) ϭ 2.305; p ϭ 0.02). Over the 10 d of testing, the total percentage of high-fat calories consumed was significantly greater in the calorically restricted mice (t (16) ϭ Ϫ2.312; p Ͻ 0.05) (Fig. 4 D, right panel) .
Orexigenic gene expression in response to high-fat exposure Body weights
At the end of caloric restriction, control mice weighed significantly more than the restricted mice (t (25) ϭ 2.434; p Ͻ 0.05).
Refeeding for 1 week on high-fat diet did not significantly increase weights (Table 3) .
MCH and orexin expression
To determine molecular mechanisms that may be downstream of stress pathways driving increased high-fat intake after restriction, we examined expression of the orexigenic hormones MCH and orexin in the lateral hypothalamus in calorically restricted mice refed on a chow or high-fat diet. Gene expression levels of MCH revealed an interaction of previous caloric restriction and diet (F (1,12) ϭ 6.378; p Ͻ 0.05), in which MCH expression was signif- icantly greater in restricted mice on a high-fat diet compared with ad libitum mice refed on high-fat ( post hoc; p Ͻ 0.05) (Fig. 5A) . Analysis of orexin gene expression revealed an interaction between restriction and diet (F (1,12) ϭ 16.577; p Ͻ 0.01), in which orexin expression was significantly greater in restricted mice on a high-fat diet compared with ad libitum mice refed on high fat ( p Ͻ 0.05) (Fig. 5B) .
Reversal of high-fat diet withdrawal induced binge eating
As we hypothesized that previously restricted mice would show a greater sensitivity to an acute treatment with the MCHr1 antagonist GSK-856464, we examined caloric intake and binge eating after high-fat diet exposure and withdrawal stress. As expected, previous restriction increased high-fat binge eating over 3 d of limited access (F (1,185) ϭ 24.652; p Ͻ 0.001) (Fig. 6) . Previous caloric restriction did not increase chow intake (Fig. 6C) or total caloric intake (Fig. 6 E) . There was no effect of any drug on highfat caloric intake on the fourth day of limited access; however, the effect of restriction remained with previously calorically restricted mice having a greater caloric intake of the high-fat pellet compared with controls (F (1,41) ϭ 9.072; p Ͻ 0.01) (Fig. 6 B) . Twenty-four hour chow intake was significantly changed by drug treatment (F (2,41) ϭ 3.678; p Ͻ 0.05) with post hoc tests revealing a significant decrease in chow caloric intake in previously restricted mice treated with the MCHr1 antagonist, GSK-856464 ( p Ͻ 0.05) (Fig. 6 D) . Twenty-four hour total caloric intake was significantly changed by drug treatment (F (2,41) ϭ 4.128; p Ͻ 0.05) with post hoc tests revealing a significant decrease in chow caloric intake in previously restricted mice treated with GSK-856464 ( p Ͻ 0.05) (Fig. 6 F) .
Discussion
Dieting failure and consequent weight regain result in an elevated risk for obesity and metabolic disease (Guagnano et al., 2000; Amigo and Fernández, 2007) . Determining potential long-term effects of caloric restriction on programming of stress pathways may identify mechanisms contributing to treatment resistance. We have examined the behavioral and physiological stress state, changes in CRF gene expression and DNA methylation, and the consequent vulnerability to stress-induced binge eating pro- Figure 5. Previous calorie reduction significantly enhances orexigenic hormone responses to high-fat diet. A, MCH levels in the LH were significantly increased in calorically restricted mice refed on a high-fat diet compared with ad libitum mice refed on high fat (n ϭ 4 -5) (*p Ͻ 0.05). B, Orexin levels in the LH were significantly increased in restricted mice refed on a high-fat diet compared with restricted mice refed on chow or ad libitum mice refed on high fat (n ϭ 4 -5) (*p Ͻ 0.05). Data are mean Ϯ SEM. (A) but not differences in 24 h chow (C) or total calories (E). B, On the fourth day of testing, increased caloric intake of the high-fat pellet continued in the restricted mice ( ## p Ͻ 0.01). However, there was no effect of drug on high-fat caloric intake. D, The MCHr1 antagonist, GSK-856464, reduced chow caloric intake only in previously CR mice (*p Ͻ 0.05). F, The MCHr1 antagonist, GSK-856464, significantly reduced overall caloric intake only in previously CR mice (*p Ͻ 0.05) (ad libitum-VEH, n ϭ 7; ad libitum-GSK, n ϭ 8; ad libitum-CIT, n ϭ 8; Rstr-VEH, n ϭ 8; Rstr-GSK, n ϭ 8; Rstr-CIT, n ϭ 8). Data are mean Ϯ SEM.
duced after moderate calorie reduction in mice. Although a majority of studies examining outcomes of caloric restriction have focused on its beneficial effects on longevity in organisms ranging from Drosophila to rodents and nonhuman primates, examination of the stress sensitivity during caloric restriction has been neglected (Bishop and Guarente, 2007; Levenson and Rich, 2007) . Unlike experimental animals, humans do not usually live in a restricted environment, thereby making examination of stress state important in determining the long-term treatment success and potential factors that may contribute to dieting failure.
Caloric restriction reprograms stress pathways
In our study, calorically restricted mice lost 10 -15% of their body weight over 3 weeks compared with ad libitum control mice, weight loss typical of that obtained during behavioral modification and dieting in humans (Sarwer et al., 2009) . To examine the stress state produced during caloric restriction, physiological and behavioral stress responses were measured. In a tail suspension test, calorically restricted mice showed a significant increase in time spent immobile compared with control mice, supportive of an increase in depressive-like behavior (Holmes et al., 2002) . Studies that have used a more severe restriction that produced a greater and more rapid weight loss have reported increased swimming behavior in a forced swim test in mice, suggesting that there may be underlying mechanistic differences in central responses between moderate and more severe weight loss (Lutter et al., 2008a,b) .
Similar to the increased stress sensitivity detected in the tail suspension test, calorically restricted mice also showed significantly increased corticosterone levels after an acute 15 min restraint stress with a higher maximal rise and a delayed stress recovery. Similar results have been shown in rats that were food restricted to 90% of initial body weight (Marinelli et al., 1996) . As these studies were conducted in C57BL/6 mice, a low stress responding strain (as shown by the low rise in corticosterone in control mice), the magnitude of increased corticosterone levels produced after calorie reduction supports a profound impact of a moderate reduction in caloric availability that is translated into heightened physiological stress responsivity Bale, 2007, 2008) . Individuals with affective disorders typically present with increased stress sensitivity and HPA axis dysregulation supporting that dieting in humans may promote a period in which the acute and long-term stress state becomes a key factor in continued treatment outcome and maintenance (Pariante and Lightman, 2008; Gallagher et al., 2009) .
As the key conductor in the orchestration of stress responsivity, CRF expression was analyzed after caloric restriction in the CeA and BNST, regions of the limbic system distinct in their efferent and afferent projections (Swanson et al., 1983) . Although CRF in the CeA was unchanged, CRF in the BNST was significantly decreased. To determine whether these effects would be maintained during ad libitum refeeding, CRF was again measured once mice had attained normalized body weights. Surprisingly, BNST CRF expression remained significantly reduced, suggesting a possible epigenetic programming in response to caloric restriction. Therefore, we examined the DNA methylation of the characterized CpG island in the CRF promoter (McGill et al., 2006; Mueller and Bale, 2008) . Similar to the CRF expression, CRF methylation changes were brain region specific in which caloric restriction produced a significant change in methylation in the BNST, but no effect was detected in the CeA. Furthermore, methylation patterns were not ameliorated during refeeding. In previous studies, we reported similar increases in stress responsivity in a model of high-fat diet withdrawal (Teegarden and Bale, 2007) . As reductions in diet palatability and fat content are additional components of dieting, we examined CRF expression and promoter methylation in mice after exposure and subsequent withdrawal from a high-fat diet. To determine whether the withdrawal effects persisted, we analyzed expression at multiple points over 8 weeks. In the CeA, we observed peak expression of CRF at 2 weeks after withdrawal, and a return to baseline around 6 weeks. Increased CRF levels in the CeA have been correlated with diet cycling and relapse to compulsive eating (Cottone et al., 2009) . Interestingly, CRF expression in the BNST decreased with high-fat diet exposure and remained unchanged after withdrawal. Examination of promoter methylation showed an overall decrease in methylation in the BNST, but not in the CeA. Although high-fat diet exposure reduced CRF expression in the BNST similar to that seen with withdrawal, only the withdrawal produced a significant change in promoter methylation, suggesting that distinct transcriptional mechanisms are involved in regulating CRF in the BNST. The brain region-specific changes in CRF expression and promoter methylation were similar between caloric restriction and high-fat withdrawal, indicating that increased stress sensitivity may be a common component regardless of the method used to lose weight.
Recent studies have identified novel roles for methyl binding proteins such as MeCP2 (methyl CpG binding protein 2) to recruit transcription machinery and activate rather than suppress transcription (Chahrour et al., 2008) . As we detected reduced methylation within the CRF promoter, these results support long-term epigenetic regulation of CRF after caloric restriction and high-fat withdrawal. CRF containing GABAergic neurons in the BNST project to and inhibit the paraventricular hypothalamic nucleus (PVN) (Cullinan et al., 1993) . Therefore, a reduced inhibition may be contributing to the increased HPA axis responsivity detected in these calorically restricted mice.
Caloric restriction reprograms orexigenic pathways and promotes binge eating
Stress pathways have a major influence on motivational behaviors via their intersection with brain reward centers (Self and Nestler, 1998; Koob, 2009) . Stress experience increases drugseeking behaviors as well as the motivation for natural rewards, including palatable calorically dense foods (Kelley et al., 2005; Teegarden and Bale, 2007; Foster et al., 2009; Shalev et al., 2010) . To examine a long-term behavioral consequence of previous restriction, we examined binge eating of a high-fat food during stress exposure in these mice . As predicted, stress-sensitive previously restricted mice consumed significantly more of the high-fat food compared with stressed ad libitum mice. During the limited access testing, all mice displayed binge eating, consuming ϳ50% of their total 24 h intake of calories during the 1 h of access supporting the high preference mice have for the high-fat diet.
To determine a potential underlying mechanism for the increased binge eating of the high-fat food during stress in previously restricted mice, expression of the orexigenic hormones MCH and orexin was examined. Intriguingly, although orexigenic hormones were reduced in control animals during exposure to high fat, previously restricted mice showed robust increases in both genes (Beck et al., 2006; . MCH and orexin interact with the mesolimbic dopamine system and are thought to promote the motivational behaviors associated with increased consumption of calorically dense and pre-ferred foods (Georgescu et al., 2005; Peciña et al., 2006; Borgland et al., 2009; Zheng et al., 2009; Sears et al., 2010) . Thus, atypical elevations in these orexigenic hormones in response to a high-fat calorically dense diet in previously restricted mice, combined with long-term changes in stress sensitivity, likely contribute to the stress-induced binge eating detected in these animals (Shalev et al., 2010) .
Previous studies have demonstrated that stress-induced reinstatement of rewarding substances, including high-fat food, can be blunted by administration of MCHr1 antagonist (Chung et al., 2009 ). In addition, high-fat food-reinforced operant responding was also reduced after MCHr1 antagonist treatment (Nair et al., 2009) . Therefore, we hypothesized that previously restricted mice based on their dysregulation of stress and orexigenic pathways would show a greater sensitivity to an acute treatment with the MCHr1 antagonist GSK-856464. We examined caloric intake and binge eating after high-fat diet exposure and withdrawal stress. As expected, previously restricted mice showed an increase in high-fat binge eating compared with ad libitum controls. Furthermore, acute GSK-856464 treatment significantly reduced overall caloric intake in previously restricted mice, supporting our hypothesis that these mice would show a greater sensitivity to MCH antagonism. Acute treatment with the SSRI citalopram did not produce an effect on food intake in these studies, suggesting that the central programming changes produced after caloric restriction may not involve serotonergic pathways.
Together, these results suggest that the stress associated with moderate caloric restriction promotes long-term alterations in genes critical in feeding and reward circuitry that influence food intake and stress-related behaviors. These changes may in part be driven by epigenetic mechanisms promoting increased sensitivity of stress pathways that project to and alter reward circuitry. Such epigenetic mechanisms likely hold an evolutionary advantage in times of famine, but in our current environment of high caloric availability would function against our health and contribute to difficulty in weight management. It seems appropriate that the brain developed strategies to guard against loss of calories by increasing the likelihood that a previous restriction experience would promote future behaviors to increase consumption of calorically dense foods.
